in India is the world's largest TB epidemic [1] leading to 480,000 deaths every year [2] . Between the years 2006 and 2014, Indian economy lost $340 billion(USD) due to TB. This, combined with the emergence of drug resistant bacteria in India makes the problem worse [3] . The government of India has hence come up with a new strategy which requires a high-sensitivity microscopy based TB diagnosis mechanism [2]. We propose a new deep neural network based TB diagnosis methodology with recall and precision of 83.78% and 67.55% respectively for bacillus detection from microscopy images of sputum. The proposed method takes a microscopy image of sputum with proper zoom level as input and returns locations of suspected Mycobacterium tuberculosis bacilli as output. The high sensitivity of our method gives it the potential to evolve into an effective and accessible screening tool for TB detection, when trained at scale.
I. INTRODUCTION
Tuberculosis(TB) is a major public health problem in the world, claiming a life every 20 seconds, and India has a quarter of the world's cases [1] . TB cure has become even more challenging in recent years with the emergence of Drug Resistant TB variants like Multi Drug Resistant, extensive Drug Resistant and Total Drug Resistant form of the TB pathogen. As of 2012, India's Drug Resistant TB rate is much higher than the WHO's reported 2%-3% [3] . A large undernourished population with weak immunity, latent cases due to unrestrained spread, high cost of treatment for drug resistant forms and densely populated urban clusters are some reasons for the current situation in India. India has adopted a new policy [2] which aims to diagnose TB early and treat it properly, thus, preventing the spread. This new strategy has four strategic pillars of DTPB (Detect-Treat-Prevent-Build). The Detect pillar involves scaling up of free high-sensitivity diagnostic tests and algorithms. Sputum Smear Microscopy is used for primary diagnosis of drug sensitive TB. According to International Standard for Tuberculosis Care 2009 which is also followed by India, sputum smear examination is the primary investigation of choice. If sputum smear is positive, patient is diagnosed as smear positive pulmonary TB and should be initiated on TB treatment. However, with 20 million Indian TB symptomatics undergoing the microscopy test every year, the resources are burdened.
The process of TB diagnosis given a sputum slide can be divided into two parts: 1) Focus the microscope on slides to a level on which bacilli become visible. 2) Search and locate bacilli in the slide to estimate the extent of infection.
In this work we propose to automate the strenuous Step 2 by developing a deep learning based solution. The proposed deep learning method is capable of locating TB bacteria with high recall given a microscope view-field with a proper zoom level. Consequently, the task of TB detection from sputum microscopy can be reduced to just adjusting the microscope to adequate zoom level to increase visibility of bacilli bacteria; which in turn, helps speed up entire process. The task of automatically locating bacilli is non-trivial due to large variances in stain appearance, shape of bacilli clusters, and number of visible bacilli. Moreover, the size of bacilli may differ between slides corresponding to varying zoom levels, which are selected subjectively by the experimenter. These challenges suggest deep convolutional neural networks as the preferable choice of algorithm because of their capability to model human vision. Deep convolutional neural networks have previously achieved state of the art results on multiple image classification [4] and object detection [5] , and have shown good results in problem similar to the TB detection task as well [4] . . In the following sections, we first describe the dataset used in our work in detail in the dataset section II. Section III describes our deep learning based method for TB detection. Section IV-B describes evaluation results of our method. The dataset we use is small in comparison to datasets generally used to train deep learning models [6] . In future, when larger dataset for TB detection is made available, one can use this method to obtain better results.
II. PREVIOUS WORK
This work has been possible by the release of annotated ZiehlNeelsen Sputum smear Microscopy image DataBase made available by [7] and recent advances in Deep Learning [4] , [8] on images. To our knowledge, this is the first proof of concept that Mycobacterium tuberculosis detection for sputum smear microscopy can be automated with deep learning. Deep learning based methods have been able to achieve human accuracy levels in other related fields like cancer metastasis detection [9] , Diabetic Retinopathy diagnosis [10] and Skin Cancer diagnosis [11] . Patch classification based methods have produced state of the art results in locating anomalies in related domain [12] . We choose to use a patch based classification method for bacillus detection with two-stage cascading. Our neural network architecture is inspired from [5] due to its simplicity.
III. DATASET
We used dataset 3 from ZiehlNeelsen Sputum smear Microscopy image DataBase (ZNSM-iDB) available at this URL. The dataset contained 6 sets (single microscopy slide) and each set contained images of around 50 view-fields 1 (Fig 3) (from the 4 sets) for training, the middle 20% for validation, and last 20% for testing the method.
Since dataset 3 (a subset of dataset 2) contained images with annotations drawn on the images itself (Fig 1) , we couldn't use the images from dataset 3 directly. Hence, all the sets in dataset 3 were matched to corresponding un-annotated sets in dataset 2 manually. We used these images for training our model with ground truth bounding box information extracted from dataset 3. These manual annotations are available upon request.
IV. METHOD
Our method uses a patchwise detection strategy, that is, for a microscopic field view, (20x20) pixels patches from the input image (which is a microscope view-field) are classified one at a time for the presence or absence of bacilli. We use a simple neural network architecture inspired from the neural network architecture in [5] .
A. Architecture
Our architecture is a 5-layered Fully-Convoluted Neural Network Architecture, that is a Convolutional Neural Network [4] , without any fully connected units. All nonlinearities we use in the network are Rectified Linear Units(ReLUs) except Softmax used in the last layer. In case of cascading, two instances of the same neural network architecture are trained separately.
B. Cascading
The main complexity for building a patch classification based bacillus detector on the dataset is training the classifier on a very skewed class imbalance. The number of bacillus negative patches are many hundred times number of positive patches. The general method in machine learning to address class imbalance is undersampling the majority class or hard negative mining. Hence, we train a classifier on all positive patches and negative samples randomly sampled such that their number is same as positive patches. The classifier thus trained is biased towards saying most patches as bacillus positive. In statistical terms, this classifier has a large number of type 1 errors (false positives). We thus create a cascade, that is train a second neural network is trained to rectify the errors of initial one trained undersampling the majority class. The Figure 4 shows the neural network architecture and the cascading method.
V. RESULTS
To our knowledge, this is the first proof of concept that TB detection can be automated with deep learning so we use SVM with HoG features as our baseline. We refer to the HoG features and SVM classifier model as the SVM model. The CNN and SVM models are both trained using cascading and with class weights. Class Weights (-CW) are used as an alternative for cascading and to overcome the problem of high false positives. This results in different models as shown in Table I . All the models use patchwise classification to detect bacilli in an image. However, since most of the patches in test images are bacillus negative, we calculate metrics that can evaluate the performance of the algorithm on bacillus positive class. For this we calculate recall(sensitivity), precision(positive predictive value) and f1-score of the methods in locating bacillus bacteria in the test set.
Recall (or sensitivity) is the ratio of bacillus positive patches classified correctly to total number of bacillus positive patches in the test images. Precision is the ratio of patches classified as bacillus positive correctly by our method to total number of patches classified as bacillus positive in the test images. F1-Score is the harmonic mean of Precision and Recall. Table  I shows the precision, recall and f1-score for CNN and SVM at each level and also with class weights(-CW).
VI. DISCUSSION
We propose a deep learning method for detection and localization of drug sensitive Mycobacterium tuberculosis bacilli from sputum microscopy images. The proposed method automates the task of bacilli localization in each view-field of microscope, which is most time-consuming step in the entire process of TB diagnosis using sputum smear microscopy. Therefore, the proposed method holds potential to speed up TB screening. In addition, the automation of the bacilli localization would reduce variability by removing chances of human error. Our method achieves 83.78% recall in detection of TB bacilli in test images. Since, the dataset does not provide patient level information corresponding to microscopy images, it is not possible to ascertain test sensitivity and specificity of disease diagnosis for our method. However, the high sensitivity of the proposed method in detecting bacilli in microscopy images suggests the the method would achieve high sensitivity in disease diagnosis at patient level as well.
Further, the available dataset for training is quite small as compared to the required dataset for training robust deep learning methods. We believe that with the increase of dataset, our method would be able to achieve better accuracy and generalizability in future. We also hope to extend the current line of work to automatic detection of adequate zoom-levels, so as to make a complete automated pipeline for TB detection using sputum smear microscopy.
VII. CONCLUSION
With a clear need and mandate to have scalable diagnosis method to check the TB pandemic of India, we propose a method to automatically detect Mycobacterium tuberculosis bacilli in microscope field view with high sensitivity. We develop a prototype of the method that takes in microscope view-fields with adequate zoom level and detects location of bacilli. The proposed method can speed up the entire process of TB diagnosis by several times. In addition, the high sensitivity of the method shows its potential to be used as a reliable automated screening tool. The proposed method is easily scalable to larger dataset and holds potential to significantly reduce the burden of TB screening centers across the nation..
